Abstract: This paper proposes a micro-wind energy conversion system, which is conceived for low speed operation and low power applications connected to the distribution network. Therefore it is devised on the basis of a trade-off between cost reduction and simplicity from one side, and good performance on the other side. Hardware components and their control are described thoroughly. The performance of the system is verified by numerical simulations with Simulink and PLECS and the obtained results are presented to support the proposed system.
I. INTRODUCTION
Wind energy exploitation has been significantly increasing during the last 10 years. Both wind power plants located in large wind parks and small-scale systems integrated into built environment are concerned. As a consequence, the market for urban applications has grown rapidly year after year. Microgeneration deals with generation technologies with rated power output below 50 kW or, for domestic installation, below 3 kW. Taking into account the new workframe in the deregulated electric markets, it is expected that the installation of micro-wind turbine generators, also known as micro-wind energy conversion systems (μWECS), connected to low-voltage local networks will undergo a considerable increase, taking power generation plants closer to consumption centers and contributing to the stability of those networks [1] [2] [3] [4] [5] .
The feasibility of this kind of installation depends on the system performance and cost. Customers' requirements are robustness, light control algorithms to use simple and cheap microprocessors and a simplified power conversion system to increase reliability. On the other hand μWECS are generally located in urban areas, where wind is normally weak, turbulent and unstable in terms of direction and speed than those open sites preferable for wind farms, because of the existence of buildings and other adjacent obstructions [2] .
Therefore energy harvesting implies the plant exploitation with systems optimized for low wind speed, yet capable of variable speed operation with fast settling time by means of suitable devised Maximun Power Point Tracking (MPPT) algorithms.
For such applications, the permanent-magnet synchronous machine (PMSM) is increasingly used. A PMSM is a *Address correspondence to this author at the I.S.S.I.A.-C.N.R. Sezione di Palermo. Via Dante n. 12. 90141 Palermo, Italy; Tel: +390916113513; Fax: +390916113028; E-mail: gianpaolo.vitale@ieee.org rotating electric machine in which the field excitation is given by permanent magnets. The advantages of PM machines include: brushless construction, high torque versus volume ratio, high power versus volume ratio, light weight, small size, high reliability, less frequent maintenance, and high efficiency [6] .
The main disadvantage, however, is that the excitation cannot be varied and hence the output voltage of the generator will vary with load. From practical considerations, it is desirable to minimize the voltage variation at the output of the generator. This may be accomplished by capacitor compensation, by electronic voltage controllers, or by using a generator with inherent voltage regulation capability [7] . This paper proposes a μWECS which is conceived for low power applications connected to the distribution network. It has been devised on the basis of a trade-off between cost reduction and simplicity from one side and good performance on the other side. It encompasses an uncontrolled three-phase PMSM, a simple energy conversion system and a single-phase grid inverter.
The paper is organized as follows. Section II is dedicated to the description of the main components of the system: the PMSM machine, the micro-wind turbine, the energy conversion system and the control scheme. The performance of the system is illustrated in section III, where two characterizing scenarios are analysed, dealing with a small time scale and a daily scale respectively. Finally, some conclusions are given in section IV.
II. SYSTEM ARCHITECTURE
All the hardware components of the proposed system and their control scheme are described thoroughly in the following.
A. PMSM Machine
The adopted wind generation system is based on a PMSM. In particular, an IMSM (Interior Magnet Synchro-nous Motor) has been used, whose dynamic model based on the space vector equations in the rotor reference frame can be written as:
where u sd , u sq are the direct and quadrature components of the stator voltage, i sd , i sq the direct and quadrature components of the stator current, L sd , L sq are the direct and quadrature stator inductances, F is the excitation flux linkage, R s is the resistance of the stator windings and r is the rotor speed (in electrical angles). The corresponding electromagnetic torque equation is:
where p is the number of pole pairs. The electromagnetic torque is thus composed of one term due to the magnetization flux and a saliency torque term, due to the difference between the two axis inductances terms. Equations (1) and (2) with the well known mechanical equation of the system represent the complete model of the IMSM which has been used for the numerical tests.
B. Micro-wind Turbine
As in most modern systems, a standard horizontal axis, three-bladed micro-wind turbine has been used, with the rotor position maintained upwind. This design tends to be a standard against which other concepts are evaluated [8] . The basic advantage of upwind designs is that they allow to avoid the wind shade behind the tower. As to the number of rotor blades, it has an influence on the torque ripple and on the stability of the turbine. A rotor with an odd number of rotor blades (at least three blades) can be considered to be similar to a disc when evaluating the dynamic properties of the machine. On the contrary, a rotor with an even number of blades will give stability problems because when the uppermost blade gets the maximum power from the wind and bends backwards, the lowermost blade passes into the wind shade in front of the tower. Furthermore two-bladed wind turbines, despite the advantage of saving the cost of one rotor blade and its weight, require higher rotational speed to yield the same energy output. This is a disadvantage also in regard to noise and visual intrusion.
The wind turbine considered in the proposed system has been modelled as follows. The power generated by a wind turbine can be written as [9] :
where P m is the mechanical power of the turbine in 
where T is the turbine angular speed and R is the turbine radius. is the blade pitch angle in [deg], [10] : The torque produced by the turbine can be computed as:
where the torque coefficient of the turbine is defined as C T ,
It should be borne in mind that both turbine speed and torque should be converted into the machine speed range on the basis of the gear ratio n, as T ' = T n = rm and
The system should be optimized for low speed operation, since a one-year campaign of environmental data monitoring in a typical urban site showed the following parameters for wind speed:
• instantaneous values: min 0 m/s, max 11.2 m/s;
• values averaged over 6 minutes: min 1.4 m/s, average 3.8 m/s, max 8.2 m/s.
The analysis of the distribution of wind speed over one year has given the results shown in Table I . It allowed the reference values to be chosen for each speed range and to match the PMSM with the wind turbine, by imposing that the maximum torque of the machine equals the torque exhibited by the wind turbine in the maximum power point (MPP) when the wind speed is v=6.5 m/s. The main parameters of the chosen PMSM machine are shown in Table II , while the adopted turbine model parameters are shown in Table III .
The operation of the MPPT involves a matching between the characteristic curves of the PMSM machine and the wind turbine. For a given wind speed the turbine characteristic is uniquely determined. On the other hand the machine characteristic can be suitably varied by changing the load which is seen by the output terminals of the machine. To this aim a power converter can be used because it absorbs a current which depends on a control signal, behaving as an apparent variable resistance connected to the PMSM machine. As the control of the energy conversion system varies this resistance, the characteristic of the PMSM can be expanded or reduced on the horizontal axis. This allows to vary the intersection with the characteristic of the wind turbine, so that stable operating points can be found also at very low wind speeds. Then the operation of a MPPT circuit will try to select the value of the apparent load resistance which corresponds to the operation in the MPP at a given wind speed. Fig. (1) shows the torque versus speed characteristics of the wind turbine (black), obtained for two values of the free wind speed, as well as the characteristics of the PMSM (green) for two values of the apparent load resistance; it shows also the locus of the maximum power points (red) for each rotating speed. In particular Fig. (1) shows that, supposing that the wind speed is 6 m/s and the initial value of the apparent resistance is 0 (point A), the MPPT increases the apparent resistance to the value (30 ) corresponding to the MPP (point B).
The size of the PMSM has been chosen on the basis of a trade-off. A small generator requires a low torque value to turn; therefore it will produce electricity during many hours of the year, even though it is not very efficient during the periods of high wind speed. A large generator, on the other hand, will be very efficient at high wind speeds, but unable to turn at low wind speeds.
The generator and rotor size affect the capacity factor of the wind turbine, defined as its actual annual energy output divided by the theoretical maximum output, if the machine were running at full per hour capacity P C during all of the 8766 hours of the year, according to the following equation:
Capacity factor may theoretically vary from 0% to 100%, but usual values for wind turbines are around 25÷30%.
C. Energy Conversion System
As shown in Fig. (2) , the PMSM machine is connected to a three-phase uncontrolled rectifier whose output is the input of a DC/DC boost converter. A decoupling capacitor (Cr=650 μF) has been placed between the afore mentioned devices in order to reduce the ripple of the rectified voltage.
The boost converter is connected to a single-phase inverter and its design has been carried out imposing that it exhibited continuous-current conduction operation and an output voltage ripple lower than a few percent [11] .
The following values have been obtained for the inductance and capacitance: L b =2 mH and C b =23.5 μF. The boost capacitance is parallel connected to the input capacitance of the inverter (C inv =1650 μF), thus the actual voltage ripple is even lower. Each power switch in Fig. (2) is a MESH IGBT. The four devices of the inverter are driven by the modulator of the VOC controller described in section II.D, while the boost IGBT is driven by a conventional PWM signal, whose carrier has a frequency of 10 kHz, i.e. it is equal to the sampling frequency of the whole control system. This structure allows operation at variable speed for the generator, decoupling the network frequency from the shaft rotation speed.
D. Control Scheme
The complete control scheme of the system is sketched in Fig. (3) . It can be observed that the adopted three-phase IMPM generator is not controlled at all, since its output voltage is rectified by a non-controlled diode bridge.
The control of the boost converter is performed by a conventional PI regulator, designed with traditional methods [12] aimed to get suitable steady state error, bandwidth and stability margins. The chosen control variable is the input voltage of the converter, which is at the same time the output voltage of the three-phase rectifier. By controlling this quantity it is possible to vary the speed of the PMSM and to track the MPP of the source, provided that the grid-connected single-phase inverter controls the DC link voltage to be constant. Therefore, the reference voltage of the boost controller is set by a Maximum Power Point Tracking (MPPT) algorithm which, for the sake of simplicity, is based on the "perturb and observe" (P&O) technique. It evaluates continuously the generated power which flows at the output of the boost converter, trying to maximize it by adjusting the duty cycle of the signal which drives the IGBT. Since the input signals of the MPPT circuit exhibit a ripple with a frequency value around 1500 Hz, filters are needed for its proper operation. They have been designed in order to calculate the average values by taking 500 points in a 5 ms time window.
Grid side control has been performed on the basis of a high performance technique: Voltage Oriented Control (VOC) [13] [14] [15] which, conceived for a three-phase system, has been rearranged here for a single-phase system. VOC is based on the idea of decoupling instantaneously the direct (d) and quadrature (q) components of the injected current, working in the grid voltage vector reference frame.
In this synchronous reference frame, the voltage spacevector equation of the system, expressed in vector form, is:
The decomposition of such equation on the direct (d) and quadrature (q) axis gives: Fig. (2) . Energy conversion system. Fig. (3) . Control scheme.
Equations (10) show that the direct (quadrature) component of the injected currents depends on the direct (quadrature) component of the inverter voltages. Conventional PI controllers can then be used to control the inverter current components in the grid voltage oriented reference frame as in Fig. (3) . However, as it happens in the electrical drive counterpart, there are some coupling terms on both axis equations, which should be compensated for with feed-forward control terms.
Since the target here is to control directly the DC link voltage, the control scheme has also a DC link voltage loop, external to the direct component current loop, whose output is the direct reference current. The quadrature current reference is always set to zero, so to maintain null the reactive power exchanged by the wind generation system with the grid.
The sampling frequency of the whole control system has been set to 10 kHz. It should be noted that the main difference with the three-phase counterpart is the presence of the Hilbert transformation blocks, which allow to generate the fictitious quadrature components of both the grid voltage and the injected current. This is essential to perform the voltage orientation needed for the connection of the system into the grid. With regard to the PWM technique of the grid connected single-phase inverter, a bipolar control of the VSI is performed; therefore the duty cycle d of a leg can be computed on the basis of the DC link voltage U dc and the reference voltage v ref as:
Finally, a finite state machine (FSM) has been set up to drive the whole system through a set of pre-defined states, in order to manage the following conditions besides the normal operation:
1. the machine should not move when the whole system is turned off;
2. the machine speed should not increase above a safe maximum value w lim during wind gusts;
3. if more than one intersection exist between the characteristic of the wind turbine and the PMSM characteristic, then the machine should operate in the point which corresponds to the highest speed and thus to the highest generated power;
4. the settling time of the whole control system should be acceptable in every operating condition.
This task has been accomplished by using a set of switches, not shown in Figs. (2, 3) for the sake of simplicity, which have been referred to as boost_switch and sc_switch. They can either connect the machine to the energy conversion system, or leave it floating in a no load condition, or connect it to low value resistors (short-circuit condition), according to Table IV . The state diagram of the FSM is shown in Fig. (4) , where d is the duty cycle of the signal which drives the IGBT of the boost converter. The problem described in point 3 of the previous list is experienced especially at startup. It is solved firstly by starting up the PMSM in the no load condition (state 1, no load acceleration) and by connecting it to the energy conversion system only when its speed has reached 90% of the turbine's no load speed w 0 (state 2, boost insertion). The relationship between the wind speed and w 0 is linear, so w 0 can be evaluated in real time. Then, after a short delay, the MPPT circuit will reduce the PMSM speed and will approach the MPP, Fig. (4) . State diagram of the FSM.
while keeping the operating point on the right of the maximum of each torque vs. speed characteristic of Fig. (1) (state 3, MPPT active).
As to the dynamic behaviour, a sudden increase of the wind speed could let the machine speed fall below the value which corresponds to the maximum of the turbine's torque vs. speed characteristic, which is exactly 0.5·w 0 . If this is not the case, the MPPT circuit will approach the new MPP; otherwise the startup process is repeated (state 3 state 1 transition).
In order to accomplish point 4 of the previous list, if the wind speed decreases and lets the PMSM speed go above the no load speed w 0 , the duty cycle of the boost converter is set to its maximum allowed value (state 4, braking). This allows a fast reduction of the PMSM speed. When it becomes lower than 90% of the no load speed w 0 , the MPPT circuit is activated again.
As to points 1 and 2 of the previous list, the comprehension of the FSM in Fig. (4) is straightforward.
III. SIMULATION RESULTS
The performance of the proposed system has been verified by different simulations with Simulink and PLECS, taking into account mechanical and electrical losses.
The first simulation has been carried out at a small time scale, namely 0.6 seconds, to evaluate the steady-state and dynamic performance of the whole control system, including the FSM and the MPPT circuit.
Figs. (5) (6) (7) (8) (9) show the behaviour of the system for a challenging situation after start-up: two consecutive step variations of the wind speed towards opposite directions, at t=0.2 s and t=0.4 s respectively. Fig. (5) shows the variation of the current state of the FSM with time, as the wind speed varies. Fig. (6) shows the variation with time of the electromagnetic torque and of the mechanical speed of the PMSM machine. As to the main electrical quantities, Fig. (7) shows the input voltage and current of the boost converter, while the DC-link voltage and current are presented in Fig. (8) .
It is possible to verify that the system moves through the states as expected and that the MPPT circuit operates correctly. The system exhibits a fast reaction to sudden changes in the wind speed, being the settling time lower than 200 ms in the worst condition.
Finally, Fig. (9) shows the instantaneous power measured at different sections of the system:
• the mechanical power transferred by the wind turbine to the PMSM; • the electrical input power of the boost converter, which is generated by the PMSM and rectified by the diode bridge;
• the electrical power flowing across the DC-link.
The second simulation has been performed at a 24 hours time scale to evaluate the energy production and the capacity factor. Fig. (10) shows the 24 hours trend of wind speed, power and energy injected into the grid in a typical day, which is characterized by almost the same values of the wind parameters given in section II.B: min 1.43 m/s, average 3.84 m/s, max 8.05 m/s. As it can be seen, the system generates power even at low speed, thus it is able to deliver about 1 kWh of energy in the quiet hours (from 8 pm to 8 am). The cut-in speed is about 1.5 m/s and the total energy injected into the grid is 5.94 kWh.
As a side consideration, by taking into account the speed distribution and the three reference values of Table I and by evaluating the corresponding power levels with the help of another simulation, it has been possible to calculate a value of 5.72 kWh for the energy delivered by the proposed system in a standard day, as shown in Table V .
The comparison with the result of the previous simulation (5.94 kWh) shows a -3.75% error, so it is possible to obtain an acceptable estimate of the annual energy production by using this method. Thus, an expected annual production of 2090 kWh is obtained by multiplying the daily energy by 365.25 days.
For a correct performance comparison, it should be considered that the power curves and the annual energy output of commercial micro-wind turbines are often overestimated, as field tests have clearly shown [16] [17] [18] [19] . Table VI shows average values for the energy delivered by a conventional micro-wind turbine with a rated power of 1 kW, a peak power of 1.5 kW and a typical cut-in speed of 3÷3.5 m/s. The interpolation for an average wind speed of 3.84 m/s gives a daily energy output of 2.51 kWh and a value of 904.4 kWh for the annual energy production.
The comparison shows that the energy output of the proposed system (rated power: 0.9 kW; peak power: 1.5 kW) is about 2.3 times greater than that of an average micro-wind turbine of the same peak power level, operating at the same average wind speed.
The capacity factor, calculated considering P C equal to the rated power in (8) , is 26.5%.
CONCLUSION
The paper proposes a simple, effective and low cost micro-wind energy conversion system, conceived for low speed operation and low power applications connected to the distribution network. The hardware encompasses a micro-wind turbine, a PMSM machine, a diode bridge, a boost DC/DC converter and a grid-connected single-phase inverter. The control is performed by the combination of a finite state machine, a MPPT circuit and a VOC controller, which allow a reliable operation near the maximum power point and a fast response as the wind speed changes, with low losses and null reactive power exchanged with the grid. Different series of numerical simulations have shown that the system architecture and control offer good performance and that the generator can produce more than twice the average energy delivered by a conventional turbine of the same peak power level, operating at the same average wind speed.
